Background/Aim: Pulp necrosis is a frequent complication following dental trauma.
| INTRODUC TI ON
The prevalence of traumatic dental injuries is reported to be approximately 20% in children and adolescents with higher percentages reported in adults.
1 Pulp necrosis is one of the sequelae of traumatic dental injuries, which if not managed appropriately could lead to pain and infection. 2 Therefore, accurate diagnosis of the pulp status of traumatized permanent teeth is an essential component in the management of dental injuries and long term survival of traumatized teeth. 3 Accurate pulp diagnosis is achieved through a combination of the patient history, clinical and radiographic assessments including the use of sensibility and/or vitality tests which are an integral part of the diagnostic process.
4
Several diverse pulp sensibility and vitality tests are available. Sensibility is defined as the ability to respond to a stimulus.
Sensibility tests offer an assessment of pulp health through the stimulation of pulp nerve fibres, therefore, relying on the patient's understanding and cooperation. On the other hand, vitality indicates the presence of blood supply within the tissues. Thus, vitality testing involves assessing the pulp's blood supply offering an objective approach to assessing pulp blood flow that is not reliant on the patient's understanding and response to stimuli. 5 Vitality tests include laser Doppler flowmetry (LDF), pulse oximetry and more recently the use of ultrasound Doppler flowmetry. 6, 7 LDF was first described in the dental literature in 1986. 8 The primary technique utilized a light beam originating from a helium-neon The objectivity, non-reliance on patient's understanding and response, non-invasiveness and ability to test blood supply rather than sensation offers excellent advantages over pulp sensibility tests. The results of LDF, however, should be carefully interpreted due to the inability of the device to measure blood flow in absolute units, in addition to the non-linear relation between the signal output and blood flow rate. 9 Other drawbacks include signal contamination by gingival or periodontal blood supply, high equipment cost in comparison to other pulp tests and the need for patient cooperation as any movement of the apparatus or patient could affect the results. 10, 11 The aim of this review was to systematically assess the evidence from clinical studies on the use of LDF in assessing and monitoring the pulp status of permanent teeth compared to other sensibility and/ or vitality tests.
| MATERIAL S AND ME THODS
The research protocol was registered and published on PROSPERO, The PICOS methodology was utilized in formulating the research question. The types of participants included were over the age of 6 years, participants with normal and necrotic pulps and studies where tooth vitality/sensibility had been followed up for at least 6 months. Types of intervention and comparators included vitality testing of permanent teeth using LDF compared to any type of vitality and/or sensibility tests.
Studies comparing healthy and necrotic pulps were included with the reference standards including a tooth with a pulp known to be normal with no clinical or radiographic signs or symptoms of loss of blood supply, in addition to no history of trauma, no caries nor any dental anomalies (composite reference standard). In addition, studies with a tooth known to have no pulp (such as pulp extirpated/root canal treated teeth) were also included.
Prognostic studies where LDF was used in assessing teeth with damaged and unknown pulp status such as traumatized teeth were also included. The reference standards for this type of study were a composite reference standard which included signs of loss of blood supply including clinical signs of loss of blood supply and presence of infection in the root canal system such as abscess formation, sinus tract formation, tenderness to percussion/palpation, radiographic signs of periapical pathology, infection related resorption and hyperaemic dental pulp upon root canal treatment. Signs of a normal pulp included continuation of root formation on radiographic views in teeth with immature root formation and none of the signs stated above for loss of blood supply.
Outcome measures were defined in accordance to published criteria for such studies. 12, 13 The primary outcome measures included sensitivity, identifying necrotic and infected teeth as having a necrotic and infected pulp and specificity, identifying normal teeth as having a normal pulp. Additionally, the secondary outcomes included positive predictive value, negative predictive value, repeatability, reproducibility, reliability and Flux ratio.
This systematic review included randomized controlled clinical studies, controlled trials, cross sectional studies including diagnostic cohort studies and diagnostic case-control studies. Prognostic or predictive studies were also included. Studies presented in English language only were included.
The exclusion criteria were participants under the age of 6 years, studies where primary outcomes of accuracy, sensitivity and specificity are not stated or not possible to calculate. Case series, case reports, reviews and in vitro studies were also excluded. Prognostic or predictive clinical studies with <6 months follow up were as well excluded.
Electronic searching was performed by one reviewer (NG) while two reviewers (NG and AB) performed study selection, data collection and quality assessment. Any disagreement was resolved by consensus or consulting a third researcher (HN). Articles meeting the inclusion criteria were selected for full text screening. The authors were contacted for additional information when necessary.
A data extraction form was based on the Centre for Review and
Dissemination guidance for undertaking reviews in health care. The form was piloted using one of the included studies.
The quality assessment tool used to evaluate the included studies was the QUADAS-2, which is recommended by the Cochrane collaboration, Agency for Healthcare Research and Quality and the UK National Institute for Health and Clinical Excellence for use in systematic reviews of diagnostic accuracy studies. The QUADAS-2 tool assesses two aspects: risk of bias and applicability of concerns. These two aspects are assessed based on three domains: patient selection, index test and reference standard. In addition to these three domains, a fourth domain of flow and timing was also used for the assessment of risk of bias. All domains should be rated as low risk of bias and low concerns regarding applicably in order for a particular study to be rated as having a low risk of bias and applicability concerns. 14 Piloting of the quality assessment process on one of the included studies was performed in order to calibrate and train both assessors.
| RE SULTS
The total number of citations identified was 2890 (2569 at initial electronic search, 318 citations through final electronic search and three citations through reference list screening ( Figure 1 ). After removal of duplicates (n = 784), 2106 potential eligible studies were identified. Following title and abstract screening, 2061 studies were excluded leaving 45 articles for full article assessment. Forty one studies were excluded leaving four studies to be included in the final qualitative assessment (Figure 1 ). [15] [16] [17] [18] Although the outcome measures were not specified in one of the included studies, the study provided enough information to calculate the sensitivity and specificity of the tests, therefore, allowing it to be included. 18 All included studies adopted a cross sectional diagnostic cohort design. Blinding and randomization were not performed in any of the included studies. The age range (Table 1) was very wide in three of the included studies (6.5-74 years), 15, 17, 18 while the fourth study included a narrow age range (12-18 years).
16
There were large variations in LDF devices and techniques used in all included studies (Table 2 ). In terms of LDF device characteristics, there were variations in the laser wavelength used (780 nm was used in two studies, 15, 16 while 632.8 nm was used in the other two studies 17, 18 ) and the probe characteristics (number of probes, fibre diameter and fibre separation) ( Table 2 ).
In terms of LDF technique used, there were also differences in the duration of LDF measurements (20 seconds -3 minutes) and the cut-off ratio used in identifying tooth vitality in all included studies (Table 2 ). An isolation splint was used in all studies; however, a rubber dam was not used in any study.
LDF showed a sensitivity of 81.8%-100% and specificity of 100%
in three studies. [16] [17] [18] LDF was compared to electric pulp testing (Table 3) . 16 The quality assessment showed a high level of bias in all included studies in terms of patient selection, index testing, reference standards, as well as flow and timing as shown in Figure 2 . [15] [16] [17] [18] With regards to applicability concerns, one study exhibited high concerns regarding applicability, 15 while three studies exhibited low concerns (Figure 2 ).
16-18

| D ISCUSS I ON
This systematic review focused on assessing the accuracy of LDF compared to all other sensibility and vitality tests in assessing the pulp status of permanent teeth. Four studies with high levels of bias were identified.
15-18
Some of the principles or criteria assessed during quality assessment of the included studies were the use of reference standards and blinding. The reference standard is the best currently available tool in identifying a condition against which the index test (LDF) is evaluated. Selection of the reference standard plays a very critical role with regards the validity of a test accuracy study. 19 The reference standards used in the included studies, in order to identify a tooth with pulp necrosis as truly having a necrotic pulp, was root canal treatment in one study, 16 the presence of necrotic pulp or bleeding on pulp extirpation and root canal treatment in the other studies. 15, 17, 18 Bleeding following pulp extirpation is a subjective sign of pulp necrosis, therefore, should not be used as a reference standard. The reference standard for teeth with normal pulps was based on the lack of clinical and radiographic signs/symptoms of infection which is appropriate for such studies. Incorrect initial classification of the pulp status of the included teeth may result in over/ under estimation of the dental pulp tests used.
Test review bias (blinding) occurs when results of the reference
standard are known to the operator carrying out the diagnostic test while the test results are interpreted. The nature of the tests makes it hard to blind the examiner. However, the use of isolation splints with small windows showing teeth under assessment could allow • Wavelength: 780 nm
• Double channel • 0.5-mm fibre separation. • Wavelength: 632.8
• Double channel
• Five probes used (fibre diameter/fibre separation)
1.5-2 min
No cut off used, only significance difference between readings.
Flux PBF, pulp blood flow; PU, perfusion unit; SWV, amplitude of slow wave vasomotion.
blinding of the examiner to the pulp status of the assessed teeth while using different sensibility/vitality tests. Interpretation of the diagnostic tests is usually influenced by the knowledge of the other tests or the condition of the teeth to be tested. Therefore, operator blinding of the examined tooth condition is mandatory in diagnostic accuracy studies. 20 This, however, was lacking in all included studies.
The studies included showed higher sensitivity and specificity of LDF compared to other sensitivity and vitality tests. However, Laser penetration has been shown to be affected by crown restorations and crown colour change. 21, 22 Another crucial factor in diagnostic accuracy studies is the use of a cut-off ratio/threshold (diseased pulp Flux/known healthy pulp Flux) to aid the diagnosis. Ideally, a pre-specified threshold between a healthy tooth and a tooth with pulp necrosis must be established.
14 A pre-specified threshold was only mentioned in one of the studies included in this review with a cut-off ratio of 0.6 used (a ratio ≥0.6
(diseased/healthy) indicated a healthy pulp). 15 The authors based this ratio on the work of Ingolfsson et al. 18 which included in this review, and that of Roebuck et al 23 which is not included in this review due to the lack of direct comparison with other sensibility/vitality tests.
LDF results of 11 pairs of healthy and necrotic pulps showing a significant lower Flux values for necrotic pulps in comparison to healthy pulps using four different probes have been reported in the study of Ingolfsson et al. 18 That study, however, showed spectrum bias, differences in disease severity, as four teeth were diagnosed ported. 23 The combination of 633 nm with a 3 KHz bandwidth using a probe with a 500 μm placed 2-3 mm from the gingival margin was considered the most reliable combination. Moreover, a cut-off ratio, used in determining pulp necrosis, was recommended if healthy pulps Flux/necrotic pulps Flux >1.25 (a Flux ratio >0.8 diseased/ healthy) compared to the 0.6 reported.
Despite the limitations of these two studies, and indeed this systematic review, these studies highlighted the need for better quality diagnostic accuracy studies assessing the effect of different combinations of LDF parameters (such as wavelengths, probes used) on the cut-off ratio used in diagnosing pulp status before LDF could be recommended for clinical use.
Age related pulp changes could also contribute to changes in pulp blood flow, thus affecting Flux and Flux cut-off values. Such changes include higher pulp blood supply in immature teeth compared to lower blood supply in calcified teeth or teeth with smaller pulp chambers due to secondary dentine formation. 24 There was a wide variation in age range in three included studies with the ages of the subjects ranging from 6.5-74 years. 15, 17, 18 More studies are recommended which should include a younger age group, where trauma occurs before root development is complete, as the assessment of pulp healing after trauma can be more challenging due to the child's anxiety often making routinely used sensibility tests less reliable.
| CON CLUS ION
Despite the higher reported sensitivity and specificity of LDF in assessing pulp vitality, these data are based on studies with high level of bias and serious shortfalls in study designs. This systematic review highlights inconsistencies in the evidence supporting the use of the LDF in assessing pulp vitality of permanent teeth. Further high quality diagnostic clinical trials are needed to determine LDF's true cut-off ratios over which a pulp could be diagnosed as necrotic.
More research is also needed to study the effect of different LDF parameters on its diagnostic accuracy before such a tool, which is relatively expensive, could be reliably recommended for routine use in everyday practice.
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